Introduction
For any given tree species, there is an immense within-and between-tree variability in wood quality. This phenotypic variability is an expression of the genetic background of the trees (their genotype), and the site and silvicultural conditions under which they have developed (their environment). Those studying wood quality face the difficulty of disentangling this variability. This requires a large number of individuals, while working with physically large and long-lived organisms. Many published studies have too few trees to be useful to characterize and exploit population variability. Consequently, there is a pressing need to screen for wood quality using large numbers of individuals when the trees are small and as young as possible.
The corewood of radiata pine (Pinus radiata D. Don), defined arbitrarily as the first 10 growth rings, is deemed to have poor physical and chemical properties. Corewood is often called juvenile wood, although there are distinctions between the two terms (see Burdon et al. 2004 for a discussion). Corewood is laid down where tree stems need to flex, and the anatomical features and properties reflect this function. More accurately, corewood is characterized by a steady change in chemical and physical properties with increasing ring number, which is often considered favorable for wood processing purposes. Thus, the corewood in the first growth ring has the shortest tracheids with the thinnest cell walls, little latewood formation, and the highest S2 microfibril angles-the latter is comparable to that found in compression wood (Nakada 2007) .
In addition, young radiata pine is notorious for its undesirable stem form and consequently is prone to develop compression wood, particularly near the ground line. For example, according to Burdon (1975) , very mild to severe compression wood in 12-year-old trees accounted for 34% to 44% of the stem volume, while Timell (1986, p4 ) makes reference to values of 15%. Tree breeders with their early focus on vigorous growth and stem straightness have produced, fortuitously, improved genotypes that are more prone to form mild compression wood than less vigorous trees (Shelbourne et al. 1969) .
The five detailed categories/grades of compression wood adopted by Burdon (1975) and later by Donaldson et al. (2003) require consideration of two separate matters: the "quality" and the "quantity" of compression wood. Quality presents a continuous spectrum, such that lumber (timber) with mild compression wood poses few problems, whereas severe compression wood (particularly if unevenly distributed within the lumber) is an obvious defect that results in excessive longitudinal shrinkage, distortion, and other problems during drying and machining. Unfortunately, this assessment of compression wood is too complex to incorporate in any rapid, mass screening of breeding populations.
Leading shoots, irrespective of the age and size of the tree, are flexed by wind. Some of the wood in flexing stems has been described as "flexure wood" by Telewski (1989) . Flexure wood has been reported to have some of the characteristics of compression wood while showing significant differences. A high MFA in short cells is therefore not unexpected in flexure wood, but other compression wood characteristics such as intercellular spaces, rounded cells, and loss of the S3 wall layer are not usual features. Whereas compression wood on the underside of a leaning stem is subject to continuous and sustained compression load, when the stem is swaying in the wind, the wood is alternately stretched and compressed.
Initial tree stocking and tree position within a stand have a direct influence on wind exposure. Grabianowski et al. (2004) and Lasserre et al. (2005) showed that wood stiffness was reduced in radiata pine stands with low stocking and exposed sites. A similar situation has been reported for several Eucalyptus species (Warren et al. 2009 ). Trees in the margins of stands are also more exposed to stem flexing and show lower wood stiffness (Bascuñán 2004; Bascuñán et al. 2006, Bruchert and Gardiner 2006) . Apiolaza (2009) suggested targeting very early wood quality thresholds in corewood with the aim of breeding trees for stiffness and stability. There is a question on how early can we reliably observe wood quality differences between genotypes, particularly when normal wood is commingled with both compression and flexure wood.
In order to better understand genetic and environmental effects in young stems, we established a series of experiments with plants of radiata pine isolating the different types of wood. We hypothesized that the wood quality of 8-month-old trees provides information on their likely corewood features, compression wood formation, and the impact of wind. This study characterized only four genotypes at the extremes of the wood stiffness distribution, assuming that if we cannot find distinctions between the extremes, there is no need for investing in a broaderalthough less differentiated-genetic base. The difference between stems subject to sustained loads and those flexed were examined both by leaning and mimicking wind by rocking trees in a seesaw frame. It is important to highlight that this study was not concerned with reaction wood per se, but on isolating its effects to improve early screening of wood quality, particularly by reducing variation that leads to less random noise in vertical stems.
Materials and methods
Nursery seedlings of radiata pine plants of four clones were potted in rigid plastic tubes and grown either vertically (straight), tied to stakes at 45°to the vertical (leaning), or rocked on a purpose built frame (rocked). Two months after potting, the trees in the frame were rocked intermittently, 24 cycles/minute over an arc of 44°(±22°to the vertical) for 15 min in every hour for a further 6 months. The standardized predicted genetic values for stiffness of the four clones (coded as A, F, K, and W) covered the range of the variable, from the bottom decile (clone F) to the top decile (clone K). The rocked plants were clamped just above the ground line to prevent stem rotation below that point and to avoid roots being stressed. The initial design envisaged 12 ramets (genetically identical individuals) per clone for each stem posture, a number that balanced sample size calculations (van Belle 2003) , previous experience with clonal trials and space available for the experiment. However, only clones A and K were leaned due to plant availability. There was additional imbalance due to plant mortality and the use of more ramets for clones F and W. The final number of ramets per clone was: 36 A (Leaned: 12, Rocked: 12, Straight: 12), 19 F (Rocked: 8, Straight: 11), 37 K (Leaned: 11, Rocked: 13, Straight: 13), and 31 W (Rocked: 12, Straight: 19) .
At the end of the experiment, the plants were assessed for stem diameter at the ground line (DIAM, the mean of two perpendicular assessments in mm), height (HT, cm), and standing tree acoustic velocity (SV, km s −1 ) using a Fakkop ultrasonic timer (frequency 90 kHz). The average distance between the probes (tip to tip) was 150 mm, and a time correction factor of 14 μs was used to compensate for the pulse propagation within the probes. Probes were inserted into wood at an angle of 45°with the stem axis. The plants were then destructively sampled with a short length being taken from just above ground level. In rocked stems, the sample was taken from just above the clamp. These debarked butt sections, 120 to 150 mm long, were reassessed for longitudinal green (GV, km s −1 ) and dry (DV, km s −1 ) velocity assessments using an ultrasonic timer with probes inserted on the transverse faces, and for basic density (BDEN, kg m −3 ). Dried samples retained about 4% moisture content as the drying was carried out at 35°C to avoid any thermal degradation of cell wall constituents as the specimens were destined for further chemical analysis.
In all acoustic measurements, it was ensured that the probes penetrated to a uniform depth. Dynamic MoE (in GPa) was estimated for each of the acoustic assessments, producing standing tree MoE (SMoE, green density×SV 2 ), and both green longitudinal MoE (GMoE, green density×GV 2 ) and dry longitudinal MoE (DMoE, basic density×1.14×DV
2 ) of the stems segments. The 1.14 adjustment factor in the calculation of DMoE allows for the shrinkage from the green to dry state as the average volumetric shrinkage measured in a subset of samples was 14%. Green wood density was assumed to be 1,100 kg m −3 (Chauhan and Walker 2006) .
Disks were also cut from a subsample of 37 stems of clones A and K, covering all postures. One cross section per stem was cut using a microtome, stained with Safranin and examined by microscope. Percent compression wood (% of total section area) in whole stem transverse sections was determined by differential staining under carefully controlled conditions, followed by disk scanning at 48 bit color and 1,200 dpi, and image thresholding to isolate compression wood. All image processing was conducted in Adobe Photoshop CS4 (Adobe Systems Inc, version 11). For each section, the resin canals (RC) were counted in two randomly placed orthogonal traverses. The counted area was measured with a micrometer slide and graduated eyepiece to measure accurately the diameter of the field of view while using a ×10 eyepiece with ×10 objective. This permitted calculating the viewable cross section (in mm 2 ) and expressing resin canals per mm 2 . Data were analyzed as a two-factor completely randomized design. Thus, the response variable for tree ijk (y ijk ) was expressed as a function of the overall mean (μ), clone i (C i ), stem posture j (S j ), their interaction (CS ij ), and a random residual (e ijk ):
Multiple post hoc comparisons were performed using a Tukey test, and significance tests were conducted at the 95% confidence level (P<0.05). All the analyses were performed with the statistical software R (R Development Core Team 2009).
Results
Descriptive statistics for the assessed variables are presented in Table 1 , with values calculated across tree postures and clones. The resin canal count (RC) presented the largest coefficient of variation of all variables (26.9%). All proxies for wood stiffness (SMoE, GMoE, and DMoE) also presented large coefficients of variation (between 14.4% and 20.2%). A similar situation was observed for growth traits with variability between 13.8% and 16.8%. In contrast, BDEN had a low variability, with a coefficient of variation of 7.2%.
Only six out of the 15 correlations were significant (italicized in Table 1 ). The only strong associations were between height and diameter (r=0.66), and dry and green MoE (r=0.55); the other significant correlations were mod- The associations between different assessments of wood stiffness were consistent, with a positive association for standing tree SMoE with green stemwood GMoE (r=0.34) and with dry stemwood DMoE (r=0.39). In addition, there was a positive association between green and dry stemwood MoE (r=0.55) . No correlations were estimated between RC and other variables, because of the small sample size (37) and representation of only two clones.
The results for the analyses of variance are presented in Table 2 . Only main effects (stem posture, clone, or both) were significant, with no significant interaction (P>0.05) between them for any of the variables.
There were no significant differences for HT and DIAM (over bark at the ground line) due to stem posture; however, clone W was significantly taller (89.4 cm) than clone A (79.4 cm). Average DIAM for the clones varied between 12.7 mm (clone W) and 13.2 mm (clone A) but with no significant differences.
BDEN was significantly different for all postures, ranging from 367.6 kg m −3 for straight trees to 418.0 kg m −3 for leaned trees. There were significant differences between clones F and W with clones K and A. In general, taller clones were also denser. Across all assessments, the lowest MoE was for rocked trees. However, significances for stem posture were not consistent across assessments, with rocked trees being different for SMoE and DMoE, but no significant differences for GMoE.
Clonal rankings were consistent between SMoE and GMoE, reducing in order W, K, A, and F. This situation changed for DMoE, where clone K had the highest MoE followed by A, W, and F. Nevertheless, the differences between clones K and A were not significantly different for any of the acoustic assessments. Clone F had consistently the lowest MoE assessments (1.8, 3.0, and 3.4 GPa for SMoE, GMoE, and DMoE, respectively) but also the highest basic density (418.2 kg m −3 ).
Rocked trees showed a significantly larger number of RC than leaned and straight trees. The resin canal count difference between clones A and K (4.4) was not large enough to qualify as significant (P=0.08).
Despite the lack of significant interaction between stem posture and clone (P=0.11), the difference of SMoE between straight and rocked conditions was not the same for all clones. Clones A, K, and W expressed a significant change of SMoE when moving from straight to rocked conditions; in contrast, the change was almost negligible for clone F (Fig. 1) . The SMoE difference between clones A and K was magnified under leaning.
As might be expected, the plants grown at an angle of 45°d eveloped the largest percentage of compression wood (33% of the wood cross-sectional area). The cut stems showed typical eccentric growth with wider growth rings on the lower side containing thicker-walled darker cells (Fig. 2b) . Anatomically, these tracheids were rounded in outline with intercellular spaces, and possessed helical checks in their S2 wall layers. The S3 wall layer was generally absent.
In comparison, the stems of both the vertically grown plants and those grown in the rocker (Fig. 2a) showed little compression wood-17% of the total section area in the vertical plants and 13% in the rocked ones. Where present, any compression wood in the stems of the rocked plants was not correlated to the axis of rocking (Fig. 2a) , but occurred in a seemingly random pattern (location, area, and intensity) that was governed more by the position of the lateral branches above the cut stemwood zone than to the stresses induced by the rocking. The tracheids in the wood on either side of the plane of rocking showed normal features except for the occasional loss of the S3 wall layer and occasional S2 wall checking in some tracheids. Intercellular spaces were not apparent, and the cell walls remained of normal thickness. Resin canals were counted in microscope slides cut from the rocked and free standing plants. There were a significantly larger number of resin canals (34.9 per mm 2 ) in the rocked trees than in the free standing trees (28.4 per mm 2 ). In both treatments, the resin canals were generally circular in outline and surrounded by normal epithelial parenchyma cells. As might be expected from small diameter stems, the resin canals had a tendency to develop in tangential bands, though this pattern was accentuated in the rocked plants (Fig. 3) .
Discussion

Growth
The correlation between HT and DIAM (over bark at the ground line) is on the low side compared to values reported for older trees. However, splitting the data by stem posture shows that the correlation is 0.78 and 0.72 for straight and leaning trees, respectively. The correlation is much lower (0.45) for rocking trees. No significant influence of stem rocking on growth parameters was observed. This is in contrast to the reported effect of mechanical flexing on height and diameter growth in 4-year-old Pinus sylvestris (Mickovski and Ennos 2003) and 9-week-old Ulmus americana (Telewski and Pruyn 1998) , but similar to results in 2-year-old Picea sitchensis (Stokes et al. 1997) .
The poor associations between growth and wood traits (with only HT correlating with GMoE, Table 1) suggest that early screening for wood quality would not necessarily have a negative impact on breeding for early growth. Further breeding implications for preliminary results of this experiment have been discussed by Apiolaza et al. (2008) and Apiolaza (2009) .
Acoustics
The associations between SMoE and performance in stem segments (GMoE and DMoE) indicate that ultrasonic timeof-flight tools could be useful for very early screening of standing stems, although we prefer using the tool on stem segments. These results are consistent with the suggestions by Lindström et al. (2002 Lindström et al. ( , 2005 concerning the opportunities for using acoustic tools to mass screen trees for stiffness at a very young age. The correlation between SMoE and acoustics on stem segments was only moderate (0.34 and 0.39), and the procedure in the field is not very practical-it is difficult to achieve consistent acoustic coupling between the needle probes and the very small unsupported flexible stems; also the data are sensitive to any small branches in the short path between the probes (100-200 mm apart). This variable has the highest CV of all ultrasonic measurements.
GMoE (3.54 GPa) was significantly higher than SMoE (2.16 GPa). The low SMoE is attributed to the bark attenuating the amplitude of the propagating ultrasonic wave, so delaying the triggering at the set threshold value. In these very thin stems (typically no more than 10 mm over bark and 8 mm under bark), the bark contributed noticeably to the area of the cross section. As an indication, the bark volume measured in samples of clones F and W was about 30% of the total volume with bark. GMoE was measured in debarked samples, whereas SMoE was assessed with bark. We have evidence for this effect in the longer recorded transit times for small stems with bark attached compared to the same stems after the bark has been removed. Attenuation of ultrasonic signals in layered structures is well recognized and is caused by the differences in acoustical properties of different layers (Jakevicius et al. 2006) . In another study, differences of between 5% and 30% were observed in ultrasonic velocity measured in samples with and without bark in green condition (unpublished data). The green density of bark is very similar to the green density of wood, but they are very different in terms of their stiffness.
There was a 21% reduction of SMoE from straight (2.4 GPa) to rocked trees (1.9 GPa), consistent with the effect on stand boundaries reported by Bascuñán et al. (2006) . However, this difference became nonsignificant for GMoE and DMoE.
Straight and rocked trees were significantly slenderer than leaning trees (data not shown), due to the height difference observed in Table 2 . It is unclear that this slenderness difference has any causal relationship with the stiffness difference.
The clonal rankings (i.e., ordering from best to worst) for MoE at 8-month-old in the glasshouse compare well with that obtained for the SMoE for the same clones at 7 years old in clonal trials (Charles Sorensson, personal communication) . The ranking for standardized predicted genetic values (i.e., unitless) for stiffness at age 7 was K, W, A, and F which is very similar to the results obtained from DMoE (Table 2 ). All methods clearly identified clone F as the worst performer-a clone that has a significantly lower SMoE (the bottom decile) in adult trees (Sorensson, personal communication) . Therefore, it is possible to screen out the worst performers, which show practically significant differences in corewood quality later in life, as early as 8 months of age. Clone F has since been eliminated from operational production as an unprofitable clone for structural purposes.
Changes of acoustic velocity for straight and rocked stems of different clones are given in Fig. 1 . It is evident that the flexing stems of clones A, K, and W had significantly lower acoustic velocity than the corresponding straight stems, whereas this difference was not significant for clone F. The changes in wood stiffness for rocking stems of A, K, and W could be a natural response to optimize the flexibility of the stems in order to prevent structural failure during flexing. This optimization would also depend on stem morphological traits, like height and diameter of the stem. Since there was no significant difference in stem height or collar diameter in straight and rocked stems, we hypothesize that the stems are tending to react to environmental pressures by optimizing mechanical performance through wood stiffness. No significant difference in acoustic velocity was observed in rocked stems of all the clones which suggests that the wood stiffness in all stems tended to achieve the optimal level in order to sustain the dynamic loading during rocking, and since the intrinsic elastic modulus of clone F was already low enough to sustain dynamic flexure, no changes were observed in acoustic velocity in straight and rocked stems of this clone. Rocking trees provides interesting insights from a research viewpoint; however, it is too complex and expensive to implement at large scale as an operational screening method. Although not part of this study, it is suggested that trees be leaned to generate "pure" normal/opposite wood on the upper side and "pure" compression wood on the underside that can be analyzed separately for screening purposes (as pointed out by Nakada 2007). Using a common leaning angle for all trees reduces random occurrence of compression wood in straight stems and tends to increase the observed difference between clones (see Fig. 1 ). Then, two independent sets of wood quality traits can be gathered, for compression wood and opposite wood (Apiolaza et al. 2011) .
Any review of compression must begin by noting (1) that compression wood occurs in vertical stems, (2) that rocked (flexed) wood is not the same as compression wood, and (3) that core/juvenile wood has its poor wood quality characteristics because thin stems flex and consequences are unavoidable. Furthermore, all these are tissue types that are "normal" wood-however, there is a gradation of their expression.
While it is common to use the term "normal wood" as the opposite of compression wood, there is nothing abnormal about the latter. Compression wood also occurs in vertical stems in areas that are subjected to asymmetric loading, with straight trees displaying between 13% and 17% of compression wood in the reported experiment. This can be caused by a canopy of irregular shape or it occurs in a tree that is subjected to a unidirectional wind loading, or due to eccentric loading from branches. Although the occurrence of compression wood in inclined stems and branches is well understood and documented, its occurrence in vertical stems is less so, with only a few reports considering young trees (e.g., Lachenbruch et al. 2010) . Since the main stem of the tree is of prime concern in production forestry, greater understanding of the occurrence and role of compression wood in vertical or near vertical stems is highly desirable. Radiata pine sawlogs cut from essentially vertical trunks can produce significant amounts of compression wood, ranging from "mild" to "severe." Obviously, leaning, malformed, or heavily limbed trees that are likely to develop severe compression wood are easily identified and can be eliminated at plantation thinning. Trees with milder compression wood in their vertical trunks are more likely to find their way into the mill and result in the unintentional manufacture of possibly unstable lumber.
There are published examples of leaning trees with the purpose of understanding the biomechanics of wood formation and relating results to population variation. For example, Sierra de Grado et al. (2008) studied provenance differences aiming at improving stem form, while Yamashita et al. (2007) studied compression wood development, achieving a maximum degree of reaction wood formation at an angle greater than 20−30°from the vertical. In contrast, we are suggesting leaning trees specifically for screening purposes.
Differences between compression wood and the wood of rocked trees are to be expected as cell differentiation and maturation occur over several days, whereas the presentation time of a flexing stem is only a matter of seconds. Larson (1968 Larson ( , 1969 suggested that a stress stimulus, such as wind or rocking, might induce piezoelectric effects in differentiating wood cells, most likely in the crystalline cellulose. These effects could govern the distribution of auxin in the stem, causing it to move basipetally.
Conclusions
This study showed that both rocked and straight trees developed similar levels of compression wood (between 13% and 17%). However, rocked trees presented a significantly larger number of resin canals (34.9) than straight trees (28.4). A more comprehensive anatomical description will be required to understand fully the effects of flexing on stems.
Rocked trees produced the lowest MoE; however, the differences between the other two stem postures were not consistent across acoustic assessments. The 20% stiffness difference between rocked and straight trees detected using SMoE reduced for GMoE (2%) and DMoE (7%) becoming nonsignificant. Given the large CV for SMoE, it is recommended to rely only on acoustics on stem segments (DMoE).
The differences between clones for basic density and wood stiffness were large enough to be useful for screening purposes, particularly when using leaning trees to reduce unwanted variation (noise). In addition, clonal rankings in the glasshouse experiment were consistent with those obtained at age 7 years in clonal tests.
The characterization of very early expression of wood properties could be a useful tool for breeding and deployment of superior trees for stiffness and dimensional stability. These procedures, coupled with targeting corewood instead of rotation age improvement, have the potential to reduce fully genetic testing time for short rotation species.
